A microscopic magnetic squeezer based on two magnetic domain walls moving along a one-dimensional potential well generated by a stress line in ferrite garnet films is demonstrated. The squeezer can operate on magnetic objects of size 1 -200 m and exert compressive forces up to 10 pN. The squeezer operation, i.e., the relative motion of the two domain walls, is well controlled by a small external magnetic field modulation. The squeezer has potential applications in microfluidics and also as sensitive pressure gauges for microbiological systems. Magnetic tweezers have long been used for studying local forces, e.g., in biological tissue, to stretch and manipulate DNA, to transport and rotate magnetic particles, and to manipulate cold atoms.
Magnetic tweezers have long been used for studying local forces, e.g., in biological tissue, to stretch and manipulate DNA, to transport and rotate magnetic particles, and to manipulate cold atoms. [1] [2] [3] [4] [5] [6] [7] [8] Here we expand the applicability of such force manipulation systems by demonstrating a magnetic squeezer that can operate on microscopic magnetic systems, e.g., clusters of magnetic particles.
Magnetic potential wells were created using a bismuthsubstituted ferrite garnet film ͑Lu 2.5 Bi 0.5 Ga 0.1 Fe 4.9 O 12 ͒ of magnetization M s Ϸ 10 5 A / m and thickness 4 m grown by liquid phase epitaxy on top of a 0.5-mm-thick (100) gadolinium gallium garnet substrate. 9 In such garnet films, if synthesized under proper conditions, the magnetization vector will have an in-plane orientation. By introducing stress in the film one finds that magnetic domain walls are generated. Reported here is the observation and application of a magnetic effect occurring in the stress field around individual micro-cracks. Such cracks appear in the films due to lattice constant mismatch with the substrate, and they are found to align with the crystallographic easy axes. The cracks are typically a few nanometers wide and form straight line segments with length ranging from 10 m to 1 mm. We show that these lines of nonuniform stress (stress lines) can be used for micro-magnetic confinement with one adjustable dimension.
The magnetic squeezer is based on two key observations. First, we found experimentally that the stress line causes rotation of the magnetization vector from being inplane far away, to becoming out-of-plane near the line. The width of the region with a nonvanishing z component of the magnetization vector, M z , was measured by imaging the polar Faraday rotation, F ϰ M z of linearly polarized incoming light. For the film studied, the M z decays monotonously over a distance of 2 m. The measurements also revealed that the tilting of the magnetization vector is opposite on the two sides of the stress line. This magnetic bi-polar structure, see the schematic display in Fig. 1(a) , gives a magnetostatic potential minimum at y = 0. Second, we observed that a stress line also generates magnetic domain walls that are oriented perpendicular to the line. Far from the line the domain wall is of Bloch type, separating regions where the magnetization vector is pointing in the positive ͑x Ͼ 0͒ or negative ͑x Ͻ 0͒ y direction. Near the stress line we find that the magnetization on the two sides of the wall is reversed also in the z direction, and the domain wall differs here from an ordinary Bloch wall. Consequently, the intersection point between the stress line and the domain wall (the origin in the coordinate system) becomes repelling for a magnetic particle trapped on the stress line. Very importantly, the potential barrier at x = 0 turns out to be mobile, as the position of the domain wall can be manipulated by applying a weak magnetic field ͑100-400 A / m͒ in the y direction. Reversing the field direca)
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FIG. 1. (a)
The schematic drawing of the magnetic configuration in the ferrite garnet film. Two magnetic lines cross each other at right angles at the origin; the one along the x axis is a fixed line related to a crack, and produces a dipolar magnetic charge on the surface that forms a one-dimensional potential well centered at y = 0. The line along the y axis is a magnetic domain wall which creates a magnetic barrier for particles trapped along the well. The domain wall is mobile, and trapped particles can be displaced. The magnetic squeezer can be used to switch the position of two microscopic beads [(b)-(e)] and to compress a large cluster of magnetic beads [(f),(g)].
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To observe the trapping and squeezing ability of such a system, a ring-shaped cell of diameter 1 cm was put on top of the magnetic film, and beads were immersed in deionized, pure water at a density of 10 7 beads/ ml. The beads eventually approach the solid-water interface due to gravity, but do not stick due to electrostatic double layer repulsion. The beads are therefore not in close contact with the glass slide, but instead levitate a small distance above it. Two types of paramagnetic beads were used, both manufactured by Dynal and coated with a carboxylic acid ͑COOH-͒ group. The beads have diameters of 2a = 2.8 m (Dynabeads M270 with magnetic susceptibility Ϸ 0.17) and 2a =1 m (Dynabeads MyOne with magnetic susceptibility Ϸ 0.3), respectively. The beads were visualized by a Leica DMPL polarization microscope used in transmission (the magnetic film is transparent in visible light), and the images were captured by a Hamamatsu CCD camera with a temporal resolution of 1 / 30 s. After the colloidal system has equilibrated, one observes that the beads are moving toward stress lines and eventually end up right on top of them.
In order to understand why the magnetic barrier at x =0 repels the beads, we will here model it as a sum of magnetic surface charges. Then the magnetic field can be written as
where M is the magnetization distribution on the magnetic film surface, and r = xe x + ye y + ze z ͑z Ϸ a͒ is the position of the magnetic bead. For simplicity, we assume that the magnetic structure consists of four line charges given by ±bM s ␦͑z͒␦͑y ± b͒, where the plus/minus sign corresponds to positive/negative charge [see Fig. 1(a) ], and b is the distance of the charge from the y axis. Here we focus on the magnetic field near the line y = 0, which can be approximated by only the y component,
The force from the domain wall on a bead is given by F = 0 ١ ͑m · H͒. Here 0 is the permeability of water and m = ͑4 /3͒a 3 H y e y is the magnetic moment of the bead. We find the magnetic force in the x direction to be
It is seen that the force is always repulsive, and it falls off as 1/x 3 at large distances. By pushing the beads in front of the magnetic barrier, we determined the magnetic force experimentally using the relationship between the hydrodynamic drag and velocity v of the beads. Since inertia is negligible for our small particles, the magnitude of the magnetic force equals the hydrodynamic drag, fav, where Ϸ 10 −3 Ns/ m 2 is the viscosity of water, and the hydrodynamic drag coefficient is estimated to be f Ϸ 30. 9 Such experiments suggest that the maximum force is of the order of 10 pN, although our camera is not fast enough to be accurate for velocities over 100 m/s.
More accurate values of the force were obtained at a velocity of 30 m / s, where a 1-m-diam bead positioned at x = 1.5 m experiences a force 0.5 pN, while a 2.8-m-diam bead experiences a force 1.2 pN at a distance x =5 m from the magnetic barrier. Only near y = 0 the M z has its maximum value, and our measurements of Faraday rotation and hydrodynamic drag suggest an effective width b ϳ 0.2-0.3 m, i.e., much smaller than the total width of the region with a magnetization rotation ͑2 m͒. Inserted into Eq. (3) this gives a maximum force of the order 100 pN for 2.8-m-diam beads. The discrepancy between the theoretical and experimental force maxima could be due to the fact that we assumed the magnetic transition at the barrier to be infinitely sharp. It should also be emphasized that the measured force further away from the barrier is in agreement with the theoretical estimates of Eq. (3).
Far away from the barrier the magnetic force in the z direction can be found to be
which we estimate to be F z ϳ 3 pN. Since the gravity is much smaller than this ͑ϳ0.07 pN͒, it is therefore reasonable to assume that the electrostatic force balancing gravity and the magnetic force is about 3 pN.
To demonstrate magnetic squeezing action, we use the fact that the stress line often generates a pair of domain walls. Shown in Figs. 1(a)-1(d) are two magnetic barriers a distance L apart. Since the domains separated by a magnetic barrier always have opposite magnetization vector, we observe that L can be increased or decreased by applying a small magnetic field ͑100-400 A / m͒ in the positive or negative y direction, respectively. In Fig. 1(b) one sees between the barriers one large (diameter 2.8 m) and one small (diameter 1 m) particle. They repel each other due to dipolar magnetic forces, and are therefore separated a considerable distance when L is large. Upon decreasing L, one can observe that they come closer and closer, until the particle pair is squeezed sufficiently hard forcing the small one to rotate around the large one, see Fig. 1(c) . By observing the distance between the beads and the magnetic barriers, we infer that a force of about 1 pN is required to squeeze the small particle into its position in Fig. 1(c) . Interestingly, by further decreasing and thereafter increasing L the small particle is pushed fully around the large one, see Figs. 1(d) and 1(e). This switching of position is not expected if the barriers are symmetric and the squeezing process is quasi-static. On the other hand, when we perform this operation slowly enough it is observed that the small bead falls back on its original side.
Another example is shown in Figs. 1(f) and 1(g), where the squeezer operates on a cluster of 12 large beads. When many beads adsorb to the stress line, they reside not only directly above the line, but also occupy its vicinity. In Figs. 1(f) and 1(g) the domain walls are not easily visible, and arrows are used to indicate their position. As the separation L is decreasing one can see that the cluster is squeezed and the magnetic beads rearrange in a hexagonal configuration.
In conclusion, we have demonstrated a mesoscopic magnetic squeezer able to exert forces in the picoNewton range on micro-magnetic systems. This squeezer could be used as a sensitive pressure gauge for probing colloidal systems, and also for measurements of diffusion behavior of systems exposed to a well-controlled pressure. Yet another application could be to squeeze and manipulate biological systems composed of one or more magnetic elements. To develop such devices further one may consider alternative ways to create stress lines in the ferrite garnet films, e.g., by controlled impurity implantation or by making patterns using a focused ion beam.
